Mitochondrial DNA (mtDNA) transactions, processes that include mtDNA replication, repair, recombination and transcription constitute the initial stages of mitochondrial biogenesis, and are at the core of understanding mitochondrial biology and medicine. All of the protein players are encoded in nuclear genes: some are proteins with well-known functions in the nucleus, others are well-known mitochondrial proteins now ascribed new functions, and still others are newly discovered factors. In this article we review recent advances in the field of mtDNA transactions with a special focus on physiological studies. In particular, we consider the expression of variant proteins, or altered expression of factors involved in these processes in powerful model organisms, such as Drosophila melanogaster and the mouse, which have promoted recognition of the broad relevance of oxidative phosphorylation defects resulting from improper maintenance of mtDNA. Furthermore, the animal models recapitulate many phenotypes related to human ageing and a variety of different diseases, a feature that has enhanced our understanding of, and inspired theories about, the molecular mechanisms of such biological processes.
Introduction
In animals, the mitochondrial DNA (mtDNA) is a small, compact, circular molecule that encodes 13 essential polypeptides, all of which are subunits of the mitochondrial oxidative phosphorylation system (OXPHOS). Animal mtDNA also encodes the RNA components of the mitochondrial translational system, which include 22 transfer RNAs and 2 ribosomal RNAs ( Figure 1 ). As with all genetic material, the information encoded in mtDNA must be read and interpreted correctly for proper function of the eukaryotic cell, and transmitted accurately as these cells and whole organisms reproduce. These processes, comprising the initial stages in mitochondrial biogenesis, involve mtDNA replication, repair, recombination and transcription, and are defined herein as mtDNA transactions. The factors required for these transactions (Table 1) , along with ~1500 other polypeptides found in the mitochondrion, are encoded by the nuclear DNA (Wallace 2005) and when their genes are mutated, absent or overexpressed they may cause severe mitochondrial dysfunctions, leading to diseases and ageing. Despite rearrangements in the order of the genes encoded in the mtDNA are commonly found in different animal taxa (Boore 1999) , the overall structure and gene content of the genome and the proteins required for mtDNA transactions are largely conserved, offering scientists the opportunity to use animal models to understand mitochondrial biology and medicine.
Links between mitochondrial dysfunction and human disease-related states and with ageing have become increasingly more evident in the last few years as research on cancer, diabetes, neurodegenerative disorders and premature ageing progresses (Wallace and Fan 2009) . Interestingly, many mitochondrial disorders exhibit a delayed onset and progressive course, and result in many of the same clinical manifestations that are observed in age-related diseases (Druzhyna et al. 2008 ). This and other data lend support to the mitochondrial theory of ageing (Harman 1972) , which states that reactive oxygen species (ROS) generated by mitochondrial OXPHOS can cause damage to various macromolecules and primarily, mtDNA. Mutated mtDNA will encode defective OXPHOS polypeptides, subsequently leading to increased ROS levels and oxidative damage, and creating a vicious cycle that ultimately leads to lifespan limitation. Although this theory is not supported completely by some recent experiments (discussed in this review), it is easy to understand the importance of the proteins involved in mtDNA transactions. Maintenance of the integrity of mtDNA and its expression is paramount in maintaining healthy mitochondria and ultimately, healthy organisms.
In this review, we will focus on the nuclear-encoded factors required for mtDNA replication, repair, recombination and transcription and on consequences to mtDNA, mitochondria and the whole organism when the expression of these proteins is altered or variant proteins are expressed instead. For this purpose, scientists have taken advantage of powerful animal and cell culture models, giving special attention to the mouse and the fruit fly, Drosophila melanogaster. These models have helped to demonstrate that OXPHOS defects have broad relevance to the genetics, biochemistry and physiology of human diseases, and to the ageing process (Wallace 2008) . We acknowledge that all mtDNA transactions take place in the context of nucleoprotein complexes called mitochondrial nucleoids, but we will not discuss nucleoid organization and its dynamics in this review; rather, we refer the reader to recent papers by Bogenhagen (2009) and Wallace and Fan (2009) 
mtDNA replication
The field of mtDNA replication has experienced a recent expansion as a result of several key findings. First, mutations in the human genes encoding three of the four known constituents of the mtDNA replication fork (Figure 2 ), the catalytic and accessory subunit of pol γ, pol γ-α and β, respectively (review in Copeland 2008) , and the mtDNA helicase (Spelbrink et al. 2001) , have been found in association with the human diseases progressive external ophthalmoplegia (PEO), Alper's syndrome, and ataxia-neuropathy. These are associated with mtDNA depletion and/ or accumulation of mtDNA point mutations and deletions, and manifest with neurological and/ or muscular problems due to mitochondrial dysfunction. Second, the development by Jacobs, Holt, and co-workers of the two-dimensional agarose gel electrophoresis (2DAGE) procedure, applied in association with various nucleic acidmodifying enzymes to analyze mtDNA replication intermediates (RIs), has prompted new models for vertebrate mtDNA replication that differ from the traditional strand-displacement model that has been studied by Clayton and co-workers for over 30 years. Though some controversy has been generated as a result (Bogenhagen and Clayton 2003a, b, Holt and Jacobs 2003) , it seems reasonable that the numerous models for mtDNA replication that populate the current literature may be a reflection of the different modes that operate in vivo, and represent adaptive processes to ensure appropriate mtDNA copy number and mitochondrial gene expression, and hence ATP production via OXPHOS. Thus, a brief explanation of the current models may help the reader to understand the new findings obtained from whole animal and cell culture models.
The original model of mtDNA replication derives from electron microscopy and end mapping of mtDNA purified by equilibrium sedimentation in cesium chloride density gradients (Clayton 1982) . In this model, the synthesis of the mtDNA leading strand (known as the heavy strand in vertebrate mtDNA because of its guanine-rich composition) initiates within the non-coding region at a site designated as O H (see figure 1) , and proceeds continuously. When leading strand synthesis reaches about two thirds of the distance around the mtDNA genome, the origin of the lagging strand (the light strand in vertebrate mtDNA) synthesis O L is exposed and replication of the lagging strand is initiated and synthesis proceeds continuously. The overall process is thus unidirectional, continuous and asymmetric. In contrast, studies using 2DAGE (Holt et al. 2000 , Reyes et al. 2005 , Yang et al. 2002 , Yasukawa et al. 2006 , among others) have revealed evidence for bidirectional replication and fully DNA theta replication intermediates indicative of coupled leading and lagging DNA strand synthesis, as in nuclear and bacterial DNA replication. Furthermore, a new class of RIs was discovered: extensive segments of RNA were found incorporated on the lagging strand, giving rise to the RITOLS (RNA Incorporated Throughout Lagging Strand) model. This model also implies strand-coupled replication with the RNA RIs subsequently being maturated into DNA. Though in this case, replication appears to proceed unidirectionally. Because no primase activity has been detected in the mtDNA helicase (Farge et al. 2008, Matsushima and ), a homologue of the bifunctional bacteriophage T7 gp4 primase-helicase, it is believed that the RNA RIs of the RITOLS model, and likely the RNA primers in the theta and strand-displacement models, are generated by the transcriptional machinery of the mitochondrion (discussed below).
Perhaps the strongest contribution of the development of the 2DAGE technique to mtDNA has been its application to studying replication in vivo when the activities of pol γ, mtDNA helicase, or other protein involved in mtDNA transactions are compromised. In a study by Wanrooij et al. (2007) , human HEK293 Flp-In™ T-REx™ cell lines expressing catalytic mutants of pol γ-α (D890N and D1135A, required for 5'-3' polymerase activity) and mtDNA helicase (K421A, implicated in ATP binding and hydrolysis; G575D, implicated in DNA binding; and a deletion of residues 70-343 that shows similarity with the T7 gp4 primase domain) showed mtDNA depletion, altered nucleoid localization, and replication stalling phenotypes. Notably, the stalling caused by pol γ and mtDNA helicase mutants differs. The RIs observed in the mtDNA helicase stalling mutants were most likely doublestranded DNA (dsDNA) with loss of RITOLS, which the authors explain as an increased rate of lagging strand initiation and/ or RNA-DNA maturation relative to the rate of fork movement, consistent with the role of the mtDNA helicase in unwinding dsDNA. On the other hand, expression of pol γ mutants induced replication stalling but maintained RITOLS and single-stranded RIs, primarily because of delayed lagging-strand DNA synthesis or its maturation. mtDNA replication stalling associated with impaired mtDNA helicase function has also recently been shown for human cell cultures expressing mtDNA helicase carrying autosomal dominant PEO (adPEO) mutations ). The RIs found in this study resemble those obtained with the expression of catalytic mutants of mtDNA helicase.
In mice, the introduction of adPEO mutants of the mtDNA helicase, T360A and duplication of residues 353-365, partially recapitulated features of human patients (Tyynismaa et al. 2005) . The T360A mutant only showed a mild phenotype, whereas mice over one year of age carrying the 353-365 deletion presented negative COX staining and enlarged mitochondria with concentric cristae in muscle fibers. Multiple mtDNA deletions were detected in the brain and curiously, a predominant 3-Kb fragment of the mtDNA containing the 12S and 16S rRNA genes and the NCR was found in the muscles. mtDNA copy number did not appear to be affected in heart and muscles, but was clearly reduced in the brain to 4 0% when compared to control animals. Analysis of the mtDNA RIs of young mutant mice (6-weeks-old) showed accumulation of RIs indicative of replication stalling in the heart, muscle, kidney and brain, but not in the liver ). This difference may result from variations in tissue-specific expression of the mutant mtDNA helicase (e.g., transcript levels were 16% in the liver, and varied in other tissues from 13-59% as compared to endogenous levels of the wild-type enzyme), self-regenerating capacity, resistance to apoptosis, and/ or mode of replication.
Our group has studied the effects of active site and adPEO mutants of mtDNA helicase in Drosophila Schneider cells Kaguni 2007, Matsushima and ). The overexpression of the mtDNA helicase mutants K388A and D483A, analogous to Lys 318 in the Walker A motif and Asp 424 in the Walker B motif in the helicase domain of bacteriophage T7 gp4, respectively induced a severe dominant-negative phenotype resulting in lethality within 4-6 weeks. Furthermore, mtDNA copy number and transcription were reduced drastically to 4-10 and 20% of control cells, respectively. Likewise, overexpression of Drosophila mtDNA helicase variants I334T and A442P that are located in the linker region and helicase domain, respectively, and are analogous to mutant alleles of human mtDNA helicase in adPEO patients (I367T and A475P), induced phenotypes as severe as the active site mutations. mtDNA copy number was reduced 7-11 fold, indicating conservation of structure/ function between the fly and human enzymes (Matsushima and Kaguni 2007) . Mutations in the N-terminal domain are also associated with adPEO. We found that Drosophila Schneider cells overexpressing mtDNA helicase carrying W282L, R301Q, and P302L amino acid substitutions that are analogous to the W315L, R334Q, and P335L alleles found in human adPEO patients also showed reduced mtDNA copy number. Because we have failed to demonstrate a DNA primase activity in this region of the mitochondrial enzyme (Matsushima and Kaguni 2009 ) as found in T7 gp4, our current data argue that the N-terminal region plays a role in the C-terminal helicase function of the enzyme.
We have also evaluated the importance of the C-terminal region of the mtDNA helicase using a combination of in vitro and in vivo approaches . Deletion and alanine substitution mutations revealed that residues Lys 574 , Arg 576 , Tyr 577 , Phe 588 and Tyr 595 of the fly protein are important for mtDNA maintenance and cell viability; overexpression of these mutants caused drastic mtDNA copy number reduction and lethality, again comparable to the Walker A and B active-site mutants. We produced recombinant forms of the human mtDNA helicase carrying the analogous mutations R609A, F621A, and F628A and found that these showed defects in DNA-dependent ATPase activity. Compared to the wild-type helicase, we observed 4-and 10-fold reduction in ATP hydrolysis for the F628A and F621A mutants, respectively. R609A showed no ATPase activity consistent with the role of this residue as the arginine finger in the human mtDNA helicase .
Disruption of pol γ activity has also been the target of many studies employing Drosophila and mouse as models of mitochondrial biogenesis. In Drosophila melanogaster, pol γ mutants with defects in the gene encoding the catalytic subunit, tamas, were isolated in a screen of pupal-lethal lines that showed a reduction in the larval response to light due to a primary deficit in locomotion (Iyengar et al. 1999) . These mutants failed to undergo behavioral changes characteristic of the larval wandering stage: the foraging third instar larvae remained in the food substrate for a prolonged period and died at, or just before, pupariation. Mutant alleles resulted in truncated proteins via frame-shifting and an E814V amino acid substitution in the polymerase domain, and an E595A substitution in the linker region of the pol γ catalytic core, concomitant with severe disruption of the pattern of mitochondrial distribution in the larval central nervous system. Several years later, Iyengar et al. (2002) described the first pol γ accessory subunit mutants found in animals. A G31E amino acid substitution and a truncation caused by a 74 bp insertion in the N-terminal domain of pol γ-β led to loss of mtDNA, disruption of mitochondrial morphology and impairment of cell proliferation in the larval brain, and consequent lethality at the early pupal stage. Recently, a mutation in the human pol γ-β gene has been found in adPEO patients (review in Copeland 2008).
Our group has employed both the pol γ-α and β mutants described above to study mitochondrial biogenesis and mitochondrial axonal transport when mtDNA replication is disrupted (Baqri et al. 2009 ). Here we found that mitochondrial density in the larval proximal nerves and muscles is increased ~12% relative to control animals and surprisingly the flux of bidirectional mitochondrial transport along the axon was increased by nearly 2 fold. Mitochondrial biogenesis is believed to take place in the cell body, such that newly made healthy mitochondria are transported in the anterograde direction towards the axon terminal, whereas damaged, depolarized mitochondria show a retrograde transport towards the cell body for degradation or recycling (Miller and Sheetz 2004) . Our data on disruption of mtDNA replication in Drosophila suggests that mitochondrial biogenesis and degradation are both increased, and that the elevated transport observed may represent a futile attempt to supply the axon with functional mitochondria. This study is particularly relevant to understand the roles of mitochondria in neurodegenerative diseases. In this regard we have reported that overexpression of Drosophila pol γ-α in the nervous system reduces median life span of adult flies to 39-52% of control animals, with only a moderate reduction in pupal eclosion (Martínez-Azorín et al. 2008) . At the same time, OXPHOS activity and resistance to the ROS-generating agent paraquat were reduced by 70 and 40-50%, respectively. Perhaps surprisingly, we found that mtDNA was depleted by ~ 2-fold, and in organello DNA synthesis indicated that mtDNA in these flies is synthesized at a much lower rate (~50%). Finally we observed that the level of apoptosis in the larval brain was increased bỹ 30%. In contrast with the phenotypes observed in adult flies in the nervous-system overexpression model, we showed in an earlier study that constitutive overexpression of pol γ-α in the whole animal is lethal at the pupal stage (Lefai et al. 2000) . We observed that pupal mtDNA copy number and mitochondrial transcript levels in the constitutive overexpression model were reduced to 30-40% of those in control animals, suggesting that the excess of pol γ-α might cause mtDNA replication stalling due to its 50-fold reduced catalytic activity in the absence of comparable levels of pol γ-β, or alternatively as a result of its interaction with and sequestration of other mtDNA replication proteins, such as mtSSB. Interestingly, muscle-specific overexpression of pol γ-α produces nearly complete pupal lethality and a 60% reduction in life span of survivor adult flies, recapitulating the phenotype of constitutive overall overexpression and highlighting the potentially very different effects of altered levels of pol γ-α in relation to tissue-specific physiology (Martínez-Azorín et al., in preparation).
In a very recent study, Di Re et al. (2009) showed that knockdown of pol γ-β in human 143B osteosarcoma cells caused mtDNA depletion (45%), and increased the number of mitochondrial nucleoids after six days of treatment. In contrast, overexpression of the accessory subunit in HEK and U2OS cells did not affect mtDNA copy number, although the number of nucleoids was reduced and their size increased. These findings prompted the authors to suggest that pol γ-β has an additional role other than in mtDNA synthesis per se, in regulating nucleoid structure via binding to the mtDNA D-loop region.
A "mtDNA mutator" mouse strain was obtained by replacement of pol γ-α gene with a proofreading-deficient catalytic core, which has a D257A substitution in the exonuclease domain of the enzyme (Edgar et al. 2009 , Kujoth et al. 2005 , Trifunovic et al. 2004 , Vermulst et al. 2007 . mtDNA mutation rate is increased in these mice as predicted, and longevity is reduced: the median life span is ~48 weeks and maximum age is 61 weeks. Signs of premature ageing were detected at 24-25 weeks of age, characterized by a loss of weight, kyphosis, alopecia, anemia, infertility, hearing loss and reduced hair density. Further analysis showed reduced subcutaneous fat content and whole-body bone mineral density and content. At an age of ~40 weeks, the mtDNA mutator mice showed an enlarged cardiac left ventricle cavity, COX deficiency and abnormal mitochondria. Both deletion and nucleotide substitution mutations were found in the mtDNA of these mice, although the nature of mutations that cause this complex phenotype remains a controversial topic. Vermulst et al. (2007 Vermulst et al. ( , 2008 argue that deletions in mitochondrial protein-coding and/ or RNA genes are the driving force of such phenotypes, disagreeing with Edgar et al (2009) who claim that random nucleotide substitutions with major effects in protein-coding genes are causal. Linear mtDNA molecules of ~11 Kb containing the genomic region between O H and O L have also been found, and evidence presented suggests that such molecules are produced as a result of enhanced replication pausing/ fragile sites (Bailey et al. 2009 ). Concern has been registered regarding the extrapolation of the conclusions drawn from the mouse data to human ageing, because the levels of mtDNA mutations in this model typically are more than an order of magnitude higher than those found in aged humans. For further discussion of the subject, we recommend the articles by Khrapko et al. (2006) and Kraytsberg et al. (2009) .
Notwithstanding the number and type of mtDNA mutations associated with the ageing phenotype in this mouse model, the resultant defects may be expected to cause increased ROS production. However, ROS levels and mitochondrial oxidative stress were unchanged in the liver, and in cardiac and skeletal muscles of the mtDNA mutator mouse, failing to support a role for oxidative stress in the mitochondrial theory of ageing. Interestingly, widespread induction of apoptosis was detected in various mitotic and postmitotic tissues (Kujoth et al. 2005) , suggesting that deregulation of programmed cell death may contribute to the profound ageing phenotype. Tissue dysfunction due to mtDNA mutations is likely to arise through apoptosis and subsequent loss of critical, irreplaceable cells. Remarkably, high levels of apoptosis were also observed in the fly model of polγ-α overexpression (as discussed above), the mouse model of RNase H1 knockout, the fly model of mtTFB2 knockdown, and various cell culture systems (as discussed below). Because mitochondrial dysfunction shows pronounced tissue-specific effects, it seems possible that although ROS are not increased in the organs that were analyzed (liver and striated muscles) in the mtDNA mutator mice, they may be increased in others that have not yet been examined. It remains possible that ROS are not involved in ageing whatsoever, but the pronounced phenotype of the mtDNA mutator mouse clearly shows the involvement of mtDNA mutations in this process. The roles of ROS and apoptosis in promoting ageing remain a fertile problem and in this regard, one concern in relating directly the findings observed in the mutator mouse with ageing is that the accumulation of mtDNA mutations in the mouse model takes place largely during embryogenesis. It will be important to generate animal models that express the mutator phenotype in postmitotic tissues, which represent the actual target of the ageing process.
In addition to pol γ and the mtDNA helicase, the mitochondrial single-stranded DNAbinding protein, mtSSB, also functions at the mtDNA replication fork. Our lab has demonstrated that Drosophila mtSSB can stimulate 15-20 fold both in vitro DNA synthesis and the 3'-5' exonuclease activity of Drosophila pol γ (Farr et al. 1999 , Thömmes et al. 1995 . The human mtSSB has been shown to stimulate specifically the unwinding activity of the human mtDNA helicase (Korhonen et al. 2003) and together with pol γ and mtDNA helicase, reconstitute a minimal mtDNA replisome in vitro (Korhonen et al. 2004) . The biochemical data is consistent with an important role for mtSSB in initiation and elongation of DNA synthesis in mtDNA replication. This has been documented genetically by the observation that an insertion in the third intron of the Drosophila gene (lopo) results in developmental lethality in third instar larvae prior to metamorphosis (Maier et al. 2001 ). Molecular, histochemical and physiological experiments showed reduced cell proliferation in the central nervous system, with loss of mtDNA and concomitant loss of respiratory capacity. Interestingly, the number and morphology of mitochondria were not altered in the larval brain. Consistent with these results, the knockdown of mtSSB in Drosophila Schneider cells depletes mtDNA to 20% of the control level and results in growth defects (Farr et al. 2004) . At the same time, overexpression of mtSSB restores cell growth and mtDNA copy number. However, the overexpression of a W79T/ F85A double mutant, a protein deficient both in ssDNA-binding and in stimulating pol γ activity, neither rescues the cell growth defect nor the mtDNA depletion phenotype.
As discussed above, the extent of RNA molecules associated with mtDNA replication may vary according to the mode of replication operating. Notwithstanding this consideration, synthesis and processing of RNA primers represent essential steps in the replication process. Crouch and co-workers showed for the first time the link between RNase H1 and mtDNA maintenance when they knocked out the Rnaseh1 gene in mouse. Despite the dual nuclear and mitochondrial localization of RNase H1, the main features of Rnaseh1 -/-animals were embryonic lethality concomitant with loss of mtDNA and COX activity, increased apoptosis and the presence of enlarged mitochondria with abnormal cristae (Cerritelli et al. 2003) . Developmental arrest at the transition between the last larval instar and pupariation was also observed in Rnaseh1 -/-flies (Filippov et al. 2001) ; although mtDNA maintenance was not analyzed directly, this phenotype is reminiscent with those already described in the various genetic and molecular genetic fly models of mtDNA transactions. The lethality caused by Rnaseh1 knockout is most likely due to the deficiency of RNase H1 either in generating RNA primers for lagging DNA strand synthesis from the long stretches of RNA associated with mtDNA, or in promoting the maturation of the RNA-containing RIs into fully-duplex progeny DNA molecules. mtDNA replication, and the other mtDNA transactions reviewed here, create topological constraints on mtDNA and in particular, as a result of progression of replication forks and the transcriptional machinery. In addition, catenated DNA molecules likely arise from replication of supercoiled mtDNA (review in Zhang et al. 2007 ). The animal mitochondrion has three potential topoisomerases to deal with these topological problems: one type IA (Top3α), one type IB (Top1mt) and one type II (Top2β). Top2β and Top3α are primarily nuclear proteins that are targeted to the mitochondria via posttranscriptional mechanisms. Despite the lack of mtDNA analysis, animal models of Top3α knockout in Drosophila and mouse were shown to cause developmental lethality due to nuclear DNA instability Wang 1998, Plank et al. 2005 ). Top1mt, a paralog of the nuclear Top1, is found exclusively in the mitochondria of vertebrates and binds and cleaves mtDNA at three sites clustered within a 150 bp region downstream from the D-loop (Zhang and Pommier 2008, Figure 1) . In a series of experiments, Dalla Rosa et al. (2009) explored the physiological differences between the mitochondrial and nuclear isoforms by targeting Top1mt to the nucleus and Top1 to the mitochondria of human HT-1080 fibrosarcoma cells. In the first scenario, Top1mt failed to interact with metaphase chromosomes, yet no phenotypic alterations were observed. On the other hand, the targeting of Top1 to mitochondria promoted strong inhibition of mitochondrial transcription followed by a gradual decline in mtDNA content.
The exact mechanism for this phenotype is not clear, but the data indicate clearly that in spite of the high sequence similarity between the two paralogs, they have adapted early in the evolution of vertebrates to the environment of their cellular compartments, which necessitates interactions with DNA in different conformations, and with their distinct replication and transcriptional machineries.
Repair and recombination
mtDNA is a prime target for oxidative damage for two key reasons. First, most cellular ROS are produced in mitochondria. Second, a variety of environmental toxins accumulate in mitochondria, and directly or indirectly modify the mtDNA (review in Bandy and Davidson 1990) . Furthermore, antiviral therapeutic drugs, including HIV-1 reverse transcriptase inhibitors, affect mtDNA content and integrity via inhibition of the polymerase and exonuclease activities of pol γ (reviewed in Kaguni 2004) . One of the consequences of these susceptibilities is manifested in the high mutation rates reported in animal mtDNA as compared to the nuclear genome (Brown et al. 1979) , despite the high nucleotide selectivity and exonucleolytic proofreading functions of pol γ (reviewed in Kaguni 2004) . Historically, it was thought that neither replicative nor post-replicative DNA repair mechanisms were present in mitochondria, and that excessively damaged mtDNA molecules would be degraded and replaced by newly synthesized molecules copied from undamaged mtDNAs (Druzhyna et al. 2008 ). It was not until the late 1980's that the 3'-5' exonuclease activity was identified in pol γ with our work in Drosophila (Kaguni and Olson 1989) , and that of others in vertebrates (Insdorf and Bogenhagen 1989, Kunkel and Soni 1988) ). It is clear now that the integrity of the mitochondrial genome is also enforced by various post-replicational repair mechanisms, primarily base excision repair (BER) (Figure 3 ).
Mitochondrial single-nucleotide BER apparently proceeds by a mechanism similar to nuclear BER, in which a damaged or inappropriate base is recognized and removed by the action of DNA glycosylase, such as uracil DNA glycosylase (UDG), 8-oxoG DNA glycosylase/AP lyase (OGG1), MUTYH glycosylase, and thymine glycol glycosylase (NTH). Upon hydrolysis of the N-glycosydic bond, the resulting 5'-deoxyribose phosphate is cleared by the lyase activity associated with these glycosylases or by that in pol γ (Longley et al. 1998) . Apurinic/ apyrimidinic endonuclease 1 can then cleave the 5' phosphodiester bond, creating a gap that can be filled by the actions of pol γ and DNA ligase III (Figure 3, left) . With the exception of pol γ, all of these enzymes have been found both in the nucleus and mitochondria of animal cells, either as a result of expression of both mitochondrial and nuclear isoforms, or by nucleus-to-mitochondria translocation (Englander et al. 2002 , Lakshmipathy and Campbell 1999 , Nishioka et al. 1999 , Slupphaug et al. 1993 , Tomkinson et al. 1988 . When the expression of the human OGG1 protein was targeted to the mitochondria of HeLa cells in culture, their capacity to repair mtDNA oxidative damages that are induced by various agents was enhanced significantly, leading to an increase in cell survival under oxidative stress (Chatterjee et al. 2006) . At the same time, when the R229Q mutant of the OGG1 protein that is found in human patients with leukemia was targeted to mitochondria, mtDNA integrity and survival of HeLa cells were reduced under oxidative stress, pointing to a link between defects in mtDNA repair and certain types of cancer.
Studies with cell lines derived from the central nervous system of mammals have indicated that the mtDNA repair system is regulated differently in neurons and glial cells. Mitochondria from astrocytes can repair oxidative damage in mtDNA more efficiently than mitochondria from oligodendrocytes and microglia, with a positive correlation in oxidative damage-induced apoptosis (Hollensworth et al 2000 , LeDoux et al. 1998 . Targeting OGG1 to the mitochondria of oligodendrocytes promoted an increase in mtDNA repair and a decrease in caspase 9-dependent apoptosis after exposure of the cells to menadione (Druzhyna et al. 2003) . Similar results were obtained when oligodendrocytes containing OGG1-enriched mitochondria were exposed to inflammatory cytokines, a process that increases cellular nitric oxide (NO) by inducing expression of NO synthase. NO accumulates in brains of human patients with multiple sclerosis (Druzhyna et al. 2005) ; it can damage mtDNA directly or indirectly and inhibit the activity of DNA repair enzymes (Jaiswal et al. 2001) . The increase in mtDNA integrity and cell viability under oxidative stress was also observed when the yeast apurinic/ apyrimidinic endonuclease Apn1 was targeted to the mitochondria of a neuronal cell line derived from rat substantia nigra (Ho et al. 2007) . Surprisingly, when the Drosophila OGG1 and RpS3 (ribosomal protein S3) glycosylases were targeted to the mitochondria of Schneider cells, they became more susceptible to hydrogen peroxide or paraquat treatment and apoptosis was increased relative to the control cells, despite the decrease of 1.4 to 6.7 fold in damaged mtDNA (Radyuk et al. 2006) . The expression of such proteins in Drosophila mitochondria may actually cause a perturbation in the BER pathway, so the authors speculate that despite enhancement of the glycosylase and lyase activities, the capacity of pol γ and DNA ligase III to complete the repair process is not increased, leading to the accumulation of nicked and/ or gapped mtDNA molecules and subsequent cell death. Interestingly however, Drosophila cells carrying OGG1-and RpS3-enriched mitochondria were more resistant to S-nitroso-Nacetylpenicillamine, an NO donor, probably due to alleviation of the glycosylase inhibition caused by NO (Jaiswal et al. 2001) .
A second BER system that has been studied recently in mitochondria is the long-patch BER pathway. Fen1 and Dna2, familiar players in the processing of DNA intermediates during replication and repair in the nucleus, have been also identified in mitochondria. Fen1 is an endonuclease that binds and cleaves specifically flap DNA structures (Liu et al. 2004 ). Liu et al. (2008) have shown that 2-deoxyribonolactone (dL), present in mtDNA as a product of oxidative damage, blocks both the polymerase and exonuclease activities of pol γ, and that such a lesion is processed by a long-patch BER pathway dependent on Fen1 activity found in mitochondrial extracts of human GM1310 lymphoblasts. The knockdown of Fen1 in HeLa cells, without detectably compromising cell proliferation (Fen1 is also required for Okazaki fragments maturation during nuclear DNA replication), led to more pronounced oxidative damage in mtDNA immediately after H 2 O 2 treatment, and the recovery of repaired mtDNA was delayed. Dna2 is a member of the nuclease/ helicase family whose nuclease activity is also dependent on a flap DNA structure. Unlike Fen1, Dna2 removes a portion of DNA in the middle of the ssDNA flap (Bae and Seo 2000) . Interestingly, the comparison of the well-studied yeast protein with the human Dna2 indicated that the human protein, as well as other vertebrate Dna2s, lacks the nuclear localization sequence and the replication protein A binding domain (Zheng et al. 2008) . In HeLa, fibroblast and melanoma H294T cells, human Dna2 was predominantly localized to mitochondria, and in vitro experiments showed that it interacts physically and functionally with pol γ to promote DNA synthesis, and with Fen1 to perform efficient long-patch BER and RNA primer processing. In vivo Dna2 knockdown followed by H 2 O 2 treatment revealed that mtDNA accumulates significantly more oxidative damage, and that the recovery from such stress is delayed. At the same time, nuclear genome does not suffer more damage in Dna2-depleted cells as compared to the control cells. In a similar study, Duxin et al. (2009) showed that in addition to the accumulation of mtDNA damage, the knockdown of Dna2 affects mtDNA replication quantitatively via a decrease in replication intermediates. Furthermore, the authors observed that Dna2 is important to maintain nuclear DNA stability, consistent with their localization of Dna2 in the nucleus of human BJ, HeLa, HEK293, U2OS, and 143B cells. Although function of Dna2 in the nucleus of mammalian cells warrants further investigation, it is clear that Dna2 plays an important role in mtDNA integrity. Thus it seems reasonable that Fen1 and Dna2, as well as the RNA/ DNA helicase Pif1, would function in maturation of the putative Okazaki fragments in semi-discontinuous mtDNA replication (reviewed in Holt 2009).
Large deletions in mtDNA are frequently associated with mitochondrial disorders and as such, constitute an important class of damaged DNA. Recently, in addition to models that suggest they are caused by errors in mtDNA replication, it was proposed that the generation of these deletions results from double-strand breaks (DSB) in mtDNA followed by DNA repair (Krishnan et al. 2008) . Cellular repair mechanisms generally associated with DSB are homologous recombination (HR) or non-homologous end-joining (NHEJ). HR involves exchange of material between homologous segments (as short as 5 bp in similarity) of damaged and undamaged DNA, whereas NHEJ involves the protection of DNA ends against nucleases by the joining of two unrelated segments. To our knowledge, no candidate enzymes, such as recombinases or junctional resolvases, have been identified in the mitochondrial proteome or isolated from animal mitochondria, but evidence for both mitochondrial HR and NHEJ processes have been reported (Bacman et al. 2009 , D'Aurelio et al. 2004 , Fukui and Moraes 2009 , Kajander et al. 2001 , Morel et al. 2008 , Pohjoismäki et al. 2009 , Srivastava and Moraes 2005 , Tang et al. 2000 , Thyagarajan et al. 1996 , Zsurka et al. 2005 . In Drosophila Schneider cells, a mitochondrial DSB repair mechanism was shown to be activated upon induction of DSBs with bleomycin (Morel et al. 2008 ): in a time-course experiment the authors showed that 50% of mtDNA with DSB was repaired in 5 minutes after treatment with bleomycin; after 2 hours, nearly all molecules were repaired.
Moraes and coworkers have developed transgenic mice expressing mitochondrial-targeted bacterial endonucleases in order to study the effects of DSB in mtDNA. First, they expressed a mitochondrial-targeted PstI nuclease in mouse skeletal muscles (Srivastava and Moraes 2005) . They showed induction of DSB in mtDNA such that transgenic founders developed a mitochondrial myopathy associated with mtDNA depletion. A specific set of ~7 kb mtDNA deletions was identified, predominantly involving one of the PstI sites and the 3′-end of the D-loop region (adjacent to the tRNA Pro and tRNA Thr genes, see Figure 1 ), with either no or small direct repeats at the breakpoint regions. Notably, the breakpoints correspond to those observed in the multiple mtDNA deletions found in human muscles due to mitochondrial disease or ageing. Fukui and Moraes (2009) targeted the same restriction enzyme to the neuronal mitochondria of the brain cortex, hippocampus, and striatum of the mouse. When expressed constitutively, the enzyme caused limb-clasping, a well recognized neurological phenotype. In contrast, when the enzyme was expressed only during embryological development and the first three weeks of age, no apparent neurological problem was detected, but life span was shortened significantly. The mtDNA deletions that were generated and accumulated in these mouse brains differed in size, perhaps as a result of different mechanism of recombination. Finally, Bacman et al. (2009) introduced DSB into mtDNA by targeting ScaI to the mitochondria of heteroplasmic mice and HP202B cells in culture, taking advantage of the haplotype differences to trace the origin of the recombined molecules. Because ScaI has multiple recognition sites in the mouse mtDNA, the authors were able to identify hotspots of recombination, which primarily involved a region adjacent to the D-loop. In addition, inter-molecular recombination was observed, albeit at a very low frequency.
The final step in DNA replication, repair, and recombination processes in mitochondria is thought to require the action of DNA ligase III. Knockdown of DNA ligase III resulted in decreased mtDNA copy number and a 47-75% decrease in respiration in human fibrosarcoma-derived HT1080 cells (Lakshmipathy and Campbell 2001) . Furthermore, the remaining mtDNA molecules contained numerous ssDNA breaks, suggesting that these cells are defective in sealing nicks generated during DNA replication and/ or repair. Exposure of DNA ligase III knockdown cells to γ-radiation showed that reduction in DNA ligase III diminished drastically the capacity of the cells to restore mtDNA copy number during a recovery period as compared to control cells, demonstrating the essential role of DNA ligase III in mtDNA maintenance.
There has been a recent increase in reports showing the participation of different types of proteins in the maintenance of mtDNA integrity through mechanisms that are not completely understood. Here, we will focus attention on two of these, p53 and parkin, because their association with mtDNA is relatively better understood. 30 years of study of the tumor suppressor p53 have shown that it functions as a global suppressor of inappropriate cell proliferation through induction of apoptosis, senescence or transient cellcycle arrest, and that mutations in its gene are present in a high proportion of human cancers, irrespective of their histological type (reviewed in Hainaut and Wiman 2009, and Vousden and Ryan 2009) . Novel functions of p53, beyond its traditional role as guardian of the nuclear genome, are related to mitochondrial function in diverse ways. These include: regulation of expression of nuclear genes involved in glucose metabolism and mitochondrial respiration and in particular, in genes required for cytochrome c oxidase assembly ; the direct activation of Bax via translocation to mitochondria to mediate programmed cell death (Chipuk et al. 2004 ); physical association with mtDNA (Achanta et al. 2005 , Heyne et al. 2004 ; and physical and functional interactions with pol γ, mitochondrial transcription factor A (TFAM) and mtSSB (Achanta et al. 2005 , Wong et al. 2009a ,b, Yoshida et al. 2003 . Achanta et al. (2005) observed that different types of human p53 -/-cells in culture were extremely vulnerable to mtDNA depletion and respiratory deficiency after treatment with ethidium bromide (EtBr), a DNA intercalating agent known to affect preferentially mtDNA at low concentrations. In p53 +/+ cells, treatment with EtBr and rotenone, an inhibitor of complex I of mitochondrial OXPHOS and therefore a ROS generator, showed an enrichment of p53 in the mitochondria and its co-localization with pol γ, which implied that mtDNA damage is the primary signal for p53 translocation to mitochondria. Mitochondrial nucleoid remodeling is triggered by the presence of either EtBr or another DNA intercalating agent, doxorubicin, which is used in cancer therapy (Ashley and Poulton 2009) . Treatment with doxorubicin of human fibroblasts in which p53 was knocked down or chemically inhibited resulted in fewer nucleoids of larger sizes, reminiscent of the results obtained with cells derived from the mtDNA mutator mouse. In another recent study, Lebedeva et al. (2009) showed that steady-state mtDNA copy number, mitochondrial membrane potential and mitochondrial mass are reduced 50, 30, and 40%, respectively, in p53 -/-mouse neonatal fibroblasts, and in p53 knockdown in primary human fibroblasts in culture. In addition, TFAM and p53R2, the p53-regulated subunit of ribonucleotide reductase (mutations in this gene have been associated with mtDNA depletion syndromes; Bourdon et al. 2007 ), protein levels were significantly reduced, and cellular ROS homeostasis was disrupted, as reduced superoxide and increased H 2 O 2 levels were observed. Taken together, these results are relevant to cancer research, especially involving the effects of mtDNA mutations in cancer progression.
Initially identified as an E3-ligase protein, parkin, a protein in which mutations are associated with the most common cases of autosomal recessive Parkinson's disease (PD) in humans ), has recently been found associated physically with mtDNA in the proliferating and differentiated human dopaminergic neuroblastoma cell line (SH-SY5Y), and in brain tissue of mouse and human origin (Rothfuss et al. 2009 ). Other genes causing PD, such as PINK1 and DJ-1 (Andres- Mateos et al. 2007 , Pridgeon et al. 2007 , are also linked to mitochondrial function, but have not yet been identified in association with mtDNA. Rothfuss et al. (2009) have shown that the overexpression of parkin in cell culture promotes increased mtDNA copy number and transcription, and protects mtDNA from oxidative stress-induced damage: a 50% reduction in mtDNA lesions were observed in these cells compared to the control cells. In addition, mtDNA repair was increased ~ 50% after H 2 O 2 exposure followed by 2 hours of recovery. In human parkin-mutant fibroblasts, mtDNA copy number is reduced ~ 20%, and the genome is more susceptible to ROSinduced damage. Detailed experimentation on mouse (Goldberg et al. 2003 , Palacino et al. 2004 ) and fly models (Greene et al., 2003; Pesah et al., 2004; Cha et al., 2005) has established a link between parkin and mitochondrial function. In particular, Drosophila has helped to establish the hypothesis that parkin is translocated inside the mitochondria via interactions with the mitochondrial-targeted serine/ threonine kinase PINK1. The parkin-PINK1 pathway is likely involved in mitochondrial fusion and fission processes , and references therein), and the new findings that parkin is associated with mitochondrial nucleoids implies that it functions in proper nucleoid segregation during mitochondrial division (Rothfuss et al. 2009 ). However, how parkin protects mtDNA integrity is unclear and warrants further investigation.
mtDNA transcription
The core machinery for animal mitochondrial transcription (Figure 4) consists of a bacteriophage T-odd-related RNA polymerase (mtRNAP), the mitochondrial transcription factor A (TFAM) and two homologues of bacterial rRNA methyltransferases, the transcription factors B1 and B2 (mtTFB1 and mtTFB2, respectively). Among all mitochondrial nucleoid proteins, TFAM is the most abundant and well studied component (Garrido et al. 2003 , Kanki et al. 2004 , Kaufman et al. 2007 , Larsson et al. 1998 . Despite its involvement in in vitro reconstitution of the human mitochondrial transcription machinery (Falkenberg et al. 2002 , Gaspari et al. 2004 , McCulloch et al. 2002 , the major role of TFAM is in mtDNA maintenance via packaging and compaction, similar to nuclear histones and the bacterial HU proteins (Alam et al. 2003 , Kanki et al. 2004 ). We recommend the review by Wallace and Fan (2009) for a summary of mouse models of TFAM knockout.
Transcription in mammalian mtDNA originates from three regions located in the NCR: HSP1 and HSP2 are heavy strand promoters and LSP is the light strand promoter (Figure 1 ). Polycistronic transcripts comprising nearly the entire genome originate from HSP2 and LSP; they are then processed by the excision of tRNAs, which flank the majority of the proteincoding and rRNA genes, liberating the mRNAs and rRNAs. Transcription from HSP1 generates a transcript that comprises primarily the two rRNAs, permitting the mitochondria to produce more rRNA independent of mRNA production (reviewed in Bonawitz et al. 2006 ).
In vivo studies with mtTFB1 and mtTFB2 were initiated in Drosophila Schneider cells and extended to human HeLa cell culture, transgenic flies and knockout mice (Adán et al. 2008 , Cotney et al. 2007 , Matsushima et al. 2005 , Metodiev et al. 2009 ). We first knocked down mtTFB2 in Drosophila Schneider cells and evaluated the effects in mtDNA transcription and maintenance . mtTFB2 knockdown reduced cell growth, the abundance of 12S rRNA, ND4, and Cytb transcripts (57, 16, 13% of control cells, respectively), and mtDNA copy number (38% of control). On the other hand, overexpression of mtTFB2 had no effect on cell growth or viability, but it promoted an ~2 fold increase in the mitochondrial transcripts and mtDNA copy number. The knockdown of mtTFB2 was also examined in transgenic flies constitutively expressing an inverted repeat fragment containing a Drosophila mtTFB2 cDNA (Adán et al. 2008) . The transgenic animals died at the third larval instar stage, although this stage was dramatically prolonged (3-fold longer than in control larvae), and the larvae exhibited a 50% decrease in mass. Further analysis showed that mtTFB2 knockdown had only a moderate effect on mtDNA copy number, but transcript levels were reduced by 50%, concomitant with a decrease in OXPHOS activity and cell proliferation in larval brain, and an increase in apoptosis in wing imaginal discs. Interestingly, the long-lived larvae partially restored ATP synthesis by promoting a metabolic shift to glycolysis, and showed increased levels of mtTFB1 mRNA and protein (1.5-1.75 fold), suggesting a retrograde compensatory signaling in its nuclear gene expression. These results indicate that mtTFB2 is essential for mitochondrial transcription and animal development, and that it cannot be compensated by mtTFB1, despite their exchangeability in in vitro transcription assays (Falkenberg et al. 2002 , McCulloch et al. 2002 . A second retrograde signal affecting mtTFB1 levels was observed by Shadel and collaborators when they overexpressed mtTFB2 in human HeLa cells (Cotney et al. 2007 ). The authors observed a ~2 fold increase in mtTFB1 levels, concomitant with a 2-fold increase in mitochondrial transcripts and mtDNA copy number that was consistent with results with mtTFB2 overexpression in Drosophila Schneider cells , and an increase in mitochondrial translation. In composite, the data in both models argue that mtTFB2 serves an important role in vivo in mitochondrial transcription and in transcription-primed mtDNA replication (discussed in Section 2).
The first in vivo evidence that mtTFB1 and mtTFB2 have clearly distinct function in mitochondria, despite their homology and equivalent in vitro functions as transcription activators (Falkenberg et al. 2002 , McCulloch et al. 2002 and rRNA methyltransferases (Cotney and Shadel 2006) , came from our studies of mtTFB1 in Schneider cells (Matsushima et al. 2005) . Here, the knockdown of mtTFB1 resulted in moderate cell growth retardation, with no change in the levels of mitochondrial transcripts or in mtDNA copy number. However, mtDNA-encoded proteins were reduced to 40% of those in control cells, suggesting a role for mtTFB1 in mitochondrial translation. Overexpression of mtTFB1 showed no significant effect on mtDNA copy number, mitochondrial transcription or translation. Again, similar findings were obtained upon overexpression of mtTFB1 in human HeLa cells (Cotney et al. 2007) . Furthermore, the level of mtTFB2 was unchanged when mtTFB1 expression was altered in both Drosophila and human cells. Recently, Metodiev et al. (2009) showed that the knockout of mtTFB1 in mice result in embryonic lethality due to respiratory chain deficiency. Cardiac and skeletal muscle-specific Tfb1m -/-mice had a shorter life span, and all of them died before 24 weeks of age, with increased heart weight, increased mitochondrial mass (> 50%) and an increased number of mitochondria with abnormal cristae in cardiomyocytes, despite presenting a progressive deficiency in OXPHOS function. Consistent with the increase in mitochondrial mass, these knockout mice had elevated mtDNA copy number (~50%), elevated TFAM (3.5 fold) and mtTFB2 protein levels, and decreased MTERF3, a negative regulator of mammalian mtDNA transcription (discussed below). In combination, elevated TFAM and mtTFB2, and decreased MTERF3 likely promoted the 2.5 fold increase in de novo mitochondrial transcription. However, the steady-state levels of the 12S rRNA were dramatically reduced (~40% of control), along with a more dramatic reduction in mtDNA-encoded proteins (~10% of control). These results suggested that mtTFB1 participates directly in the stability of the 125 rRNA via its rRNA methyltransferase activity, and this hypothesis was confirmed when the authors verified that the 12S rRNA of Tfb1m -/-mice lacked a dimethyl group in the conserved hairpin loop at the 3'-end of the molecule, which led to a specific loss of the small subunit of the mitochondrial ribosome. Altogether, the work in the Drosophila, human cell, and mouse models has demonstrated distinct and non-redundant roles of mtTFB1 and mtTFB2 in animal mitochondrial biogenesis: mtTFB1 has conserved its ancestral role in vivo as an rRNA methyltransferase and thus in protein translation, and mtTFB2 has evolved a role in promoting transcription of mitochondrial genes.
As important as are activation and initiation of transcription in mitochondria, is the regulation of these transactions via termination and/ or repression. Human mTERF, Drosophila DmTTF and the sea urchin mtDBP have all been shown to bind specific sequences in their respective genomes and promote transcription termination (reviewed in Roberti et al. 2009 ). In sea urchin, mtDBP is a strong transcriptional terminator, but it also controls the expansion of the small mtDNA D-loop via its counter-helicase activity, possibly coordinating the events of transcription and replication , Roberti et al. 2009 ). In Drosophila, DmTTF binds two specific regions located at the end of blocks of mtDNA genes that are transcribed in opposite directions, and promotes transcription termination in vitro . In vivo, DmTTF knockdown in Drosophila D.Mel-2 cells showed that the levels of transcripts from the mitochondrial genes located downstream from DmTTF binding sites (assuming that transcriptional initiation occurs in the mtDNA NCR in flies, also known as the A+T-rich region, Figure 1 ) was higher than in the control cells, and that the transcript levels of the genes located between the A+T-rich region and DmTTF binding sites were reduced (Roberti et al. 2009 ), suggesting a possible role in transcriptional activation similar to the human MTERF1 (discussed below). Although mtDNA copy number, and TFAM, mtTFB1 and mtTFB2 mRNA levels were not affected, changes in de novo mitochondrial protein synthesis correlated with changes in the mitochondrial mRNA levels. Overexpression of DmTTF decreased the transcript levels of genes mapping downstream of the DmTTF binding sites on both strands but surprisingly, de novo protein synthesis experiment showed either a reduction or no change in any of the mtDNA-encoded proteins. Thus, it is clear that the roles of DmTTF in regulating mitochondrial transcription and protein synthesis are complex, prompting future research.
The human mTERF protein, also known as MTERF1 (discussed below), is arguably the most important factor regulating the production of the transcript originating from the HSP1 promoter. It binds to a region at the 3'-end of the tRNA Leu(UUR) gene and at the HSP1 region (Figure 1 ), which creates a loop between HSP1 and the end of the 16S rRNA gene, possibly facilitating reinitiation of transcription and enhancing production of the mitochondrial rRNAs, and therefore also functioning as a transcriptional activator (Fernandez-Silva et al. 1997 , Martin et al. 2005 . The binding of MTERF1 to HSP1 may also terminate transcription originated from the LSP promoter. Recently, a new role for MTERF1 in pausing of mtDNA replication has been proposed based on in vivo studies with human HEK293T, 143B osteosarcoma, Jurkat and HeLa cells, in cell culture and organ samples (Hyvärinen et al. 2007 ). First, the authors identified new MTERF1 binding sites throughout the mtDNA in addition to the canonical site in the tRNA Leu(UUR) gene, by overexpressing the protein in cell culture and performing electrophoretic mobility shift assays and mtDNA immunoprecipitation. Interestingly, they observed that these new binding sites coincided relatively well with sites of mtDNA replication pausing, as analyzed by 2DAGE. However, replication pausing was not observed at all sites concomitantly; there was a great variability that depended on the cell type or organ tissue analyzed. Overexpression of MTERF1 in general enhanced the RIs representing replication pausing, and it appeared that the level of 7S DNA, which is part of the triple-stranded D-loop region, was increased. The knockdown of the protein had an opposite effect: pause sites were substantially decreased, especially in the region containing its canonical binding site. Like the sea urchin mtDBP, human MTERF1 may coordinate the passage of the mitochondrial replication and transcription machineries, safeguarding the integrity of the mtDNA and facilitating efficient gene expression.
Recent bioinformatic and phylogenetic analyses have identified three additional paralogs of the human MTERF1 in the nuclear genome, named MTERF2 to MTERF4 (Linder et al. 2005) . The biochemical and physiological roles of these proteins have just very recently been addressed in animals. MTERF3 was the first shown to have mitochondrial localization and an important mitochondrial function , Roberti et al. 2006 , Roberti et al. 2009 ). In Drosophila D.Mel-2 cells, the overexpression of MTERF3 promoted a decrease of 0.2-0.6 fold in the steady-state levels of the 12S rRNA, COI, and ND2 transcripts (Roberti et al. 2009 ). mtDNA copy number and the levels of TFAM, mtTFB1 and mtTFB2 mRNA were not affected, indicating a role of MTERF3 as a negative regulator of mitochondrial transcription. In contrast, MTERF3 knockdown had no effect on the levels of mitochondrial transcripts, but de novo synthesis of mtDNA-encoded proteins decreased overall (Roberti et al. 2006) . Furthermore, analysis of TFAM, mtTFB1 and mtTFB2 mRNA levels showed that TFAM and mtTFB1 were depleted in MTERF3 knockdown cells (Roberti et al. 2009 ). The authors explained the unaltered levels of mitochondrial transcripts as a counterbalanced effect of depleting the negative regulator MTERF3 and the activator TFAM at the same time. The reduction of mtDNA-encoded proteins was likely due to mtTFB1 depletion. In the mouse, Park et al. (2007) showed that the knockout of MTERF3 resulted in embryonic lethality due to respiratory chain deficiency, similar to the results in Tfb1m -/-mice. Specific disruption of MTERF3 in the heart and skeletal muscle shortened life span to a maximum of 18 weeks, due to a progressive deterioration of the activity and assembly of OXPHOS complexes I, III-V. The mice exhibited increased heart weight, increased mitochondrial mass (143-192%) and an increased number of abnormal mitochondria in cardiomyocytes. mtDNA copy number was unchanged as compared to the control mice, but mitochondrial transcripts were generally elevated, especially the HSP transcripts. mtDNA immunoprecipitation revealed that MTERF3 binds to a region containing the HSP promoters, indicating that it regulates transcription at the level of initiation.
To our knowledge, no physiological studies have been reported to date on MTERF4. On the other hand, Wenz et al. (2009) have reported on MTERF2 function and its possible interactions with MTERF1 and MTERF3 in regulating mtDNA transcription. Unlike MTERF3, the constitutive knockout of MTERF2 in the mouse was not lethal; the knockout animals had no alterations in life span, basal metabolism or heat production, despite a slight decrease in body weight. However, Mterf2 -/-mice showed defects in OXPHOS function due to decreased steady-state levels of the individual OXPHOS complexes primarily in skeletal muscle, leading to mitochondrial myopathy. When the knockout mice were metabolically challenged with a ketogenic-rich diet that forces the animals to produce ATP via fatty acid oxidation and mitochondrial OXPHOS, the myopathy phenotype was enhanced, memory deficits observed, and OXPHOS defects were found in different tissues. As frequently observed for deficiencies in OXPHOS, knockout of MTERF2 triggered compensatory responses to promote mitochondrial biogenesis, including increased mtDNA copy number, but these mitochondria were enlarged with abnormal morphology. Interestingly, none of these effects were observed in the mouse heart, indicating tissue-specific regulation of MTERF2. Finally, the authors showed that the decrease in OXPHOS proteins were due to a decrease in the steady-state levels of mitochondrial mRNAs and imbalanced tRNA levels, suggesting that MTERF2 is a positive regulator of transcription, opposite to MTERF3. Electrophoretic mobility shift analysis, mtDNA immunoprecipitation and protein coimmunoprecipitation showed that MTERF1, MTERF2, and MTERF3 bind specifically to the HSP promoter region, and may coordinate initiation of mitochondrial transcription, possibly influencing the assembly of the transcriptional machinery. Thus, although a complete understanding of the regulation of mitochondrial transcription remains elusive, these new findings advance the field and document its clearly complexity.
Concluding remarks and perspectives
Mitochondrial research has advanced at a fascinating pace, such that this review, covering the current status of mtDNA transactions as an important part of the mitochondrial biogenesis process, will likely be out-of-date in a matter of few years. We expect here to have given an extended summary of the scientific progress that the field has observed, especially for the last decade, by discussing the contributions from the work of ours and others in different animal models. It is clear to the authors that the processes involved in mtDNA transactions play a central role in the biology and medicine of mitochondria and therefore, in the life of eukaryotic organisms. Human ageing and diseases including adPEO, PD and numerous others can be modeled by deregulating many of the mtDNA transaction processes. At the same time, the increase in ROS as a result of this deregulation is not completely clear. The DNA repair mechanisms in mitochondria, now shown to be diverse and relatively efficient, clearly protect mtDNA from ROS-induced damage. p53 knockout/ knockdown, for example, produces ROS imbalance and decreases mtDNA integrity and copy number. However, ROS levels are apparently not changed in the cells of the mtDNA mutator mouse, despite the constant increase in mtDNA mutations throughout the life span. For a detailed discussion of ROS production and mitochondrial function, we suggest the articles by Druzhyna et al. (2008) , Jang and Van Remmen (2009) , Thompson (2006) , and Wallace and Fan (2009).
As we reviewed here, mutations in and/ or deregulation of expression of the well-known proteins involved in mtDNA organization, replication and transcription (pol γ, mtDNA helicase, mtSSB, mtTFB2 and MTERF1) promote mitochondrial dysfunction with different outcomes: null mutations of pol γ-α, pol γ-β and mtSSB in Drosophila result in lethality; overexpression/ knockdown of MTERF1 in cell culture demonstrate that regulation of mtDNA replication and transcription are tightly linked; overexpression of pol γ and mtDNA helicase mutants in cell culture promotes distinct aberrations in mtDNA replication; expression of an adPEO mutant of mtDNA helicase in mouse causes an adPEO-like phenotype; expression of a proofreading-deficient mutation of pol γ-α created the mtDNA mutator mouse and caused premature ageing with reduced life span; constitutive and neuron-specific overexpression of pol γ-α in Drosophila causes lethality and reduced life span, respectively; and knockdown of mtTFB2 caused lethality in Drosophila. In many of these cases, increased compensatory mitochondrial biogenesis is stimulated in the cells, despite the lack of success to restore ATP production via OXPHOS. Notably, where apoptotic markers were examined, higher levels of mitochondrial dysfunction-induced apoptosis were observed, indicating a conserved mechanism of elimination of cells containing damaged mitochondria and a possible role for this process in ageing, and suggesting a rich area for future research.
Regarding mitochondrial transcription, former issues have been resolved and new regulators identified. In vivo studies have shown that mtTFB1 and mtTFB2 are not redundant proteins: mtTFB1 methylates 12S rRNA and, is required for translation of mtDNA-encoded proteins, whereas mtTFB2 regulates mitochondrial transcription and transcription-mediated mtDNA replication, and is necessary for animal development. MTERF3 has been shown to be required for mouse development due to its ability to down-regulate mitochondrial transcription. MTERF2, on the other hand, appears to up-regulate transcription, but it is not absolutely required for development. Further investigations of the regulation of mitochondrial transcription through the interactions of transcription factors, terminators and mtDNA are warranted to expand our understanding of this apparently complex system. With regard to current models of mtDNA replication, substantial future experimentation is needed to identify new protein players such as a primase, helicase loader and/ or an initiator, for full reconstitution of the mtDNA replisome in vitro, and to examine comprehensively multiple animal models through the application of approaches such as 2DAGE and electron microscopy. This will allow us to address the potentially multifarious responses of a particular cell type to ensure appropriate mtDNA copy number and mitochondrial gene expression. We might envision that different cell types would be able to switch among various mtDNA replication modes, and/ or that specific replication modes may be related to specific types of mtDNA organization comprising dynamic mtDNA: protein complexes. This latter possibility has recently been evidenced in human heart and brain, and mouse heart mtDNA (Pohjoismäki et al. 2009 ), and represents a new avenue for understanding tissue variability in mitochondrial diseases. Schematic representation of Drosophila and human mtDNA. These genomes represent a typical gene organization found in insect and mammalian mtDNAs, respectively. The major non-coding regions of mtDNA, denoted as "A+T" for Drosophila and "D-loop" for human, are the regions where most sequence variation is found among animal species. The arrows below each gene indicate the direction of transcription. tRNA genes are indicated by oneletter symbols, and the 12S and 16S rRNA genes appear as 12S and 16S, respectively. In the fruitfly genome: Ori, origin of replication (initiation of leading strand synthesis); LSI, initiation of lagging strand synthesis, according to Goddard and Wolstenholme (1980) . In the human genome: O H , origin of heavy (leading) strand synthesis; O L , origin of light (lagging) strand synthesis, according to the strand-displacement model of mtDNA replication; LSP, light strand promoter; HSP1 and 2, heavy strand promoters 1 and 2. Only the canonical binding site for MTERF1 is shown; for more details on other binding sites, see the text and Hyvärinen et al. (2007) . Factors involved in mtDNA replication in animals. Solid lines represent DNA, and the dashed line represents RNA. The diagram is not to scale, nor is it meant to depict protein or DNA structure, or specific protein-protein interactions. See Table I and the text for descriptions of the factors. Possible pathways for post-replicative mtDNA repair. Both single-nucleotide (left) and longpatch (right) BER are believed to end with the concerted action of pol γ and DNA ligase III. The diagram is not to scale, nor is it meant to depict protein or DNA structure, or specific protein-protein interactions. See Table I and the text for descriptions of the factors. Overview of transcription in animal mitochondria and the proteins involved in the process. Solid lines represent DNA, and the dashed line represents RNA. The diagram is not to scale, nor is it meant to depict protein or DNA structure, or specific protein-protein interactions. See Table I and the text for descriptions of the factors.
